It is generally accepted that eld orientation, in one of its many forms, is an established control method for high dynamic performance AC drives. In particular, for induction motors indirect eld oriented control is a simple and highly reliable scheme which has become the de facto industry standard. In spite of its widespread popularity no rigorous stability proof for this controller was available in the literature. In a recent paper 15] we have shown that, in speed regulation tasks with constant load torque and current fed machines, indirect eld oriented control is globally asymptotically stable provided the motor rotor resistance is exactly known. It is well known that this parameter is subject to signi cant changes during the machine operation, hence the question of the robustness of this stability result remained to be established. In this paper we provide some answers to this question. First, we use basic input-output theory to derive su cient conditions on the motor and controller parameters for global boundedness of all solutions. Then, we give necessary and su cient conditions for uniqueness of the equilibrium point of the (nonlinear) closed loop, which interestingly enough allow for a 200% error in the rotor resistance estimate. Finally, we give conditions on the motor and controller parameters, and the speed and rotor ux norm reference values that insure (global or local) asymptotic stability or instability of the equilibrium. This analysis is based on a linear time varying change of coordinates and classical Lyapunov stability theory.
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Problem formulation
We carry out in this paper the stability analysis of an indirect eld oriented controller (FOC) that regulates the velocity and the rotor ux norm of a current fed induction motor in the presence of an unknown constant load torque and rotor resistance uncertainty. For further details and motivation of induction motors and FOC the reader is refered to 2], 10], in the electrical machines literature, and to 1], 15], 16] in the control journals.
The dynamic model of the current fed induction motor in its simplest formulation expresses the rotor ux and the stator currents in a reference frame rotating at the rotor angular speed 1 . To simplify the expressions below, and without loss of generality for the purposes of this study, all motor parameters have been set to unity except the rotor resistance and the load torque, which are assumed constant but unknown.
In (6) where y d is the desired velocity, which we assume constant, p = d dt is the derivative operator, and K P ; K I 0 are the PI tuning gains.
In summary, the closed loop is described by a fourth order nonlinear autonomous system, whose block diagram description is given in Fig. 1 .
The problems we solve in this paper are the following:
Stability analysis of indirect FOC Given the motor model (1),(2),(3) in closed loop with the indirect FOC (4), (5), (6) 
Discussion
We analyze a current-fed induction motor, which means we assume that the stator currents u 1 (t); u 2 (t) are equal to possibly discontinuous setpoints calculated by the controller. In real motors, stator currents must be continuous so that they cannot exactly follow discontinuous setpoints. However, the stator currents can follow the setpoints well if the leakage inductances are su ciently small and the voltage source can supply a su ciently high voltage 5].
Setting all parameters except the rotor resistance to unity causes no loss of generality, for two reasons. First, setting rotor inertia and mutual inductance to unity changes only the loop gain by a factor, which can be compensated for by scaling K P ; K I . Second, the unknown parameter of importance to indirect eld oriented control is the rotor time constant, which is a function of both rotor resistance and rotor self-inductance. Therefore the e ect of an unknown rotor time constant can be investigated by considering the e ect of an unknown rotor resistance only. To generalize the uniqueness and stability conditions derived in this paper, replace R r by R r =L r andR r byR r =L r .
It is important to underscore the fact that x is a vector quantity. This model should not be confused with the machine model in decoupling control, e.g., (7.75), (7.82), (2.78) of 2], which describes the asymptotic behaviour of the motor in closed-loop with an ideal direct FOC.
Interestingly, indirect FOC of a current-fed induction motor is obtained as a particular case of the passivity-based controller proposed in 14] when the stator current dynamics are neglected. If these dynamics are to be taken into account the full controller of 14], (see also 15] and 13]), is required for global asymptotic stability (GAS). To the best of our knowledge, this practically appealing \downward compatibility" property of the passivity-based control is absent in the controllers based on feedback linearization, e.g., 8 which motivates the choice of d given in (5) . That is, (5) follows replacing jxj and by their desired values ; d , respectively, and replacing R r by its estimate. In the electrical machines literature d is sometimes refered to as the slip angle. Therefore, expression (5) shows that the desired torque is proportional to the slip speed.
The remaining of the paper is organized as follows. In the next section we prove GAS for the case of known parameters. In Section 3 we represent the closed loop as the feedback interconnection of a linear time invariant (LTI) system, a sector bounded nonlinearity and an exponentially decaying gain. This allows us, by invoking the small gain theorem 4], to derive conditions for global boundedness. Necessary and su cient conditions for the existence of a unique equilibrium are given in Section 4. Conditions for local and global asymptotic stability are derived using Lyapunov techniques in Sections 5 and 6, respectively. We wrap up the paper with some concluding remarks.
2 Global asymptotic stability: known parameter case
Before proceeding with the study of the general case it is convenient, to set up the notation, to brie y recall here the GAS result of 15] for the case of known rotor resistance.
Proposition 1 Consider the system (1), (2), (3) Then, from (1), (7) (2), (3) that
where we have used (8) and the skew-symmetry of J to obtain the second identity, and we have replaced (6) to get the third one. Assuming again that R r =R r , and noting that jx d (t)j = , we have that In Section 4 we will give an alternative proof of GAS constructing a strict Lyapunov function. Proposition 2 The system (1)-(3) in closed loop with (4)-(6) may be written as (see Fig. 2 The proof of the proposition, being a little technical, is defered to the appendix. Note that the feedback interconnection of an LTI system with gain It is clear from the description of the system given in proposition 2 that a wide variety of stability conditions can be derived, using for instance exponential weighting techniques and loop transformations. Results along these lines will be reported elsewhere. is an equilibrium of (11). Below we will show that, for all practical purposes, the equilibrium is unique. The transformed dynamic model becomes 
Now we will prove the following.
Proposition 4 The equilibria of (11) are independent of K P ; K I . Further, the equilibrium is unique for all values of L if and only if 0 <R r 3R r .
PROOF. The equilibria of (11) 
Henceforth, we will concentrate on the real solutions of (13 
As an example of the existence of multiple equilibria for certain ranges of L , the roots of (13) will now be determined by application of the root locus technique to the more suitable form of (13). The uniqueness of equilibrium forR r = 3R r is evident from Fig. 3 , since there are three coinciding real roots for one value of L , while for any other value of L there is only one real root. The non-uniqueness of the equilibria forR r > 3R r causes the locus of Fig. 4 to have three distinct real roots for a certain range of L . IfR r < 3R r then the two poles go directly to the zeros without crossing the real axis.
Before closing this Section it is interesting to \pull out" the nonlinear terms of (12) 
Noting the presence in the right hand term of the scaling factor w 3 2 and refering to Fig. 1 we see from (19) that, roughly speaking, the closed loop system behaves \almost linearly" if the PI speed loop is not too tight. That is, if w 3 2 is \small" and/or slowly time varying.
Local asymptotic stability
In this section we will study, via the rst Lyapunov method, the local asymptotic stability of (12). Towards this end, we see that the systems rst order approximation is simply the rst right hand term of (19), whose characteristic polynomial is Given the complexity of the expression above, (recall that v is itself a nonlinear function of the motor parameters), we are unable at this point to make a general statement concerning the stability of the roots of this polynomial. Consequently, we will only consider below some special cases. In particular we will show that, even with zero load torque, the equilibrium may become unstable.
Case 1 Known parameter case
As shown before when R r =R r the equilibrium is GAS. However, to provide some tuning rules it is interesting to look at the behaviour of the roots of the linearized system, for instance as a function of the load torque. To this end, we write the characteristic polynomial in a L -root locus form as 
Proposition 5 Local Stability in Zero Load Torque Case
Assume L = 0. Then, the system is locally asymptotically stable if K 2 P > K I . On the other hand, the equilibrium will be unstable ifR r > R r + K P and a large integral gain is used.
PROOF. Note that L = 0 implies a unique equilibrium with w = 0, v 1 = 0, Therefore the equilibrium is unstable ifR r ?R r ?K P > 0 and K I is su ciently large. Also, this condition implies that the system is locally asymptotically stable if K 2 P > K I . 2
The proposition above shows that one can choose PI-controller gains that guarantee local asymptotic stability for all values of the rotor resistance. Also, it shows that the system can be destabilized, in the sense of having unstable equilibria, if the rotor resistance is overestimated, the proportional gain is small, and a large integral gain is used. For example, if y d = 0, L = 0, R = 1, R = 4, K P = 1 and K I = 6 then the system is unstable (Fig. 5). 6 Global asymptotic stability In this section we will investigate GAS of the equilibrium using Lyapunov's second method. Namely, we will construct a Lyapunov function of the form V (w) = 1 2 w T P w where P is a positive de nite constant matrix. To select P we rst nd positive semide nite matrices P i that lead to expressions without cubic terms in the derivative of V . Second, linear combinations of these positive semi-de nite matrices are constructed that lead to a negative-de nite _ V (w) if R r =R r . Then, the positive de niteness of P is checked. Finally, we prove that the system is globally asymptotically stable ifR r is close enough to R r .
Positive semi-de nite matrices to avoid cubic terms
To construct our Lyapunov-function candidate we consider for P linear combinations of the following positive semi-de nite matrices P i ; i = 1; ; 4. 
Since these derivatives have only quadratic terms, the derivative of V (w) = w T P w will also have only quadratic terms if P is a linear combination of P i ; i = 1; ; 4. As a consequence, the global negative de niteness of _ V (w) can be easily checked.
Construction of a Lyapunov function
Proposition 6 There is a positive de nite constant matrix P such that V (w) = w T P w is a Lyapunov function for the system (12) with v 1 ; v 2 ; v 3 the solutions of (13)- (15), ifR r = R r , or ifR r is close enough to R r .
PROOF. We begin the proof by constructing a Lyapunov function for the caseR r = R r . Then we will show that this function is also a Lyapunov function ifR r is close enough to R r .
IfR r = R r , the cross-terms in _ V 1 (w) dissappear because v 1 = 0 and v 2 = 2 in equilibrium. Consider the matrix P a = P 3 + P 4 This choice of P a results in the candidate Lyapunov function V a (w) = The cross-term in w 3 w 4 can be cancelled by adding a term in P 2 to P a : P b = P 3 + P 4 where the coe cients z 3 ; z 4 are chosen to compensate for the cross-terms as follows: The function V (w) is positive de nite and its derivative is negative de nite. Therefore V (w) is a strict Lyapunov function for R r =R r .
To prove that V (w) is a Lyapunov function also if R r 6 =R r andR r close enough to R r , we write for the derivative _ 
Conclusions
We have shown that the widely used indirect eld oriented control is globally asymptotically stable if the estimated rotor resistance estimate is estimated close enough to the real value. Unique equilibria are guaranteed if the estimated rotor resistance is within a 200% error range. Also, all signals in the system remain uniformly bounded if the estimated rotor resistance is close enough to the real rotor resistance. Particularly, with a su ciently small integral gain, all signals are uniformly bounded if the rotor resistance is estimated within a 100% error range. The system becomes locally unstable if the rotor resistance is overestimated and a large integral gain is used. Local asymptotic stability is guaranteed if the square of the proportional gain is larger than the integral gain.
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